in the future be functionalized with the attachment of peptides specific to cancer cells for imaging and therapy in the form of local hyperthermia.
The diagnostic and therapeutic advantages of magnetic nanoparticles stem from the static and dynamic magnetism of the nanoparticles along with the ability to impart cell-specific functionality. Biocompatibility of such nanomaterials allows for in vivo applications in animals and humans. Currently, various formulations of IONPs have been developed for drug-delivery schemes, [1, 2] magnetic cell separation and cell targeting, [3, 4] MRI contrast enhancement, [5] [6] [7] [8] [9] [10] [11] [12] [13] and hyperthermia treatment of cancer. [14] [15] [16] Magnetic nanoparticles provide localized changes of longitudinal and transverse relaxation times of water and field inhomogeneities to improve the contrast of MRI. [17] When magnetic nanoparticles are subjected to an alternating current (AC) field, the resulting eddy current, hysteresis, and Brownian rotational losses can provide a nanoscale source of heat capable of imparting cell death. [18, 19] The ability to combine MRI contrast enhancement and therapy in the form of hyperthermia as well as the possibility of functionalizing particles specific to biomarkers may further advance the use of magnetic nanoparticles in biomedical research and eventually in clinical applications. However, the above technologies are not fulfilled or optimized by using currently available IONPs. Due to their oxidized state, IONPs have a limited saturation magnetization. In principle, greater saturation magnetization may insure accurate dosing due to increased interaction with applied magnetic fields. The force a nanoparticle experiences when subjected to a magnetic field is linearly proportional to the magnetic moment (m) of the particle, such that, F ⃗ = (m⃗ · ∇ ⃗ )B ⃗ , where B ⃗ is the magnetic induction given by B ⃗ = μH ⃗ + 4πM ⃗ , where H ⃗ is an inhomogeneous magnetic field, M ⃗ is the magnetization, and μ is the magnetic permeability. Therefore, for a fixed field gradient B ⃗ , a higher magnetization imparts a greater force on the nanoparticle. In addition, since the strength of the stray fields from a nanoparticle is proportional to its magnetization, stronger stray fields may reduce the relaxation times of surrounding water molecules and provide greater MRI contrast. Nanoparticles with larger magnetization may also provide lower excitation frequencies than IONPs since their ferromagnetic resonance (FMR) frequency is lower due to lower magneto-crystalline anisotropy. [20] As a result, hyperthermia treatments can be administered at a safe biological frequency range (f < 1.2 MHz). In principle, nanoparticles composed of elemental iron may provide greater magnetization than IONPs. Although nanoparticles made from elemental Fe may be highly reactive in an aqueous environment, issues of biocompatibility, solubility, and stability can be addressed by coating the nanoparticles with an inert polymer such as PEG. [21] In addition to passivating the surface, a biocompatible PEG coating may provide a method to overcome size restrictions by limiting particle growth [22] and also permit surface functionalization for conjugating bioactive ligands.
In this study, we report on the synthesis and characterization of bis-carboxyl-terminated PEGcoated FeNPs with magnetization greater than that of IONPs with comparable particle size. Comparison studies between the novel FeNPs and conventional IONPs were performed using vibrating-sample magnetometry, MRI relaxometry, and temperature measurements during AC field excitation. Synthesis of the FeNPs was performed by the optimized chemical reduction of ferrous chloride with sodium borohydride in a junction using a 1.7 molar ratio, as shown in Equation (1), to maximize the Fe content. Immediately upon synthesis, the nanoparticles are quenched in a bis-carboxyl-terminated PEG (cPEG) and ethanol solution to provide their biocompatible coating. In this synthesis procedure, FeNPs with a mean particle diameter of around 10nm and a standard deviation of 2nm are formed with a 2-3-nm-thick cPEG coating, as seen in Figure 1 . The overall morphology of the nanoparticles synthesized in this manner is shown in the schematic image in Figure 1a . The reduction of the ferrous chloride produces FeNPs with the incorporation of interstitial boron that results from the reduction reaction. Using concentrated reagents and the reaction kinetics afforded by the simultaneous introduction of reagents in the junction, a highly uniform particle size distribution is obtained, as seen in Figure 1c , for the low-magnification bright-field transmission electron microscopy (TEM) image. Although the nanoparticles disperse well in solution, the clustering of particles seen was due to the magnetism and surface tension of the droplet on the carbon-coated TEM grid as it dries during preparation for imaging. When focusing on a single particle using high-resolution (HR) TEM as in Figure 1b , it becomes clear that the nanoparticles contain multiple components as evidenced by the three distinct levels of contrast. A crystalline core is surrounded by two amorphous shells with less contrast as a function of radius. Given the nature of the synthesis, it is highly likely that the first core is Fe with interstitial boron and the outer shell is the cPEG coating. The formation of borides using the borohydride reduction is strictly dependent on the concentration of the reagents [23] and since the concentrations are reduced as the reaction progresses, it is clear that more boron would be incorporated into the product as the nanoparticles nucleate and grow. From the selectedarea electron diffraction (SAED) pattern in Figure 1d there are no reflections from iron boride phases. However, there is evident peak broadening in the α Fe reflections. This can be attributed to either the nanoscale particle size, resulting from Scherer broadening, or to the presence of an amorphous Fe component as boron is incorporated. We have found that as the nanoparticle size increases, X-ray line broadening is maintained due to an amorphous Fe-rich volume fraction present in the samples. Since it is well known that boron is a grain refiner, it is plausible that the boron is simply straining the iron lattice. The lighter amorphous shell is due to reduced Z contrast resulting from the low-molecular-weight cPEG that coats the nanoparticles compared to the amorphous iron boron. The reaction between the carboxyl group on the cPEG and the nanoparticle surface incorporates a slight oxide layer (FeO) that facilitates biocompatibility and prevents excessive oxidation of the nanoparticles. This layer accounts for the lighter reflections in the SAED pattern. The cPEG coating is stable in solution within a pH range of 5-8. Temperatures in excess of 70 °C can destroy the bond between the carbon and oxygen on the surface of the iron nanoparticle.
The higher magnetization and soft ferromagnetic nature shown by the novel FeNPs is evident from the magnetization curves shown in Figure 2 in comparison with one form of IONPs, which were Fe 3 O 4 nanocrystals with a 10-nm core size and coated with amphiphilic triblock polymers (2-3 nm) prepared as previously described. [24, 25] The FeNP saturation magnetization of 70 emu g −1 represents only a third of the bulk α-Fe value due to the nanoparticle size and the cPEG coating used. In addition to greater magnetization, the coercivity of the FeNPs is about 100 orders higher in comparison to IONPs, as shown in Figure  2 . These two parameters are of central importance for biomedical applications such as MRI contrast enhancement and the induction of local hyperthermia for inducing cancer cell death.
By subjecting magnetic nanoparticles to an oscillating magnetic field, heat is generated in a highly localized manner. Heat generation is the result of eddy current, hysteresis, and Brownian-rotation loss mechanisms that all rely on the magnetic properties of the nanoparticle. [26] Increased magnetization afforded by the FeNPs allows for heat dissipation at frequencies in the safe range (<1.2 MHz) while for the IONPs much higher frequencies are required to facilitate the same thermal dose due to a higher FMR frequency. Hysteresis loss is directly proportional to the area enclosed by the magnetization curve. As seen in Figure 2 , the hysteresis losses are enhanced in the FeNPs. This important advantage of FeNPs over IONPs is further demonstrated in Figure 3 , comparing the heating curves of the FeNPs and the IONPs. There is a distinct difference in the achievable temperature between novel FeNPs and conventional IONPs at the same level of concentration. The concentration is measured by dissolving a known mass of nanoparticles (including the nonmagnetic mass of polymer) with similar particle size distribution (mean size of 10 nm) in 2 mL of ethyl alcohol. Both ferro-fluids were excited with a 4 Oe, 500 kHz magnetic field. From these curves, it is evident that local hyperthermia is achievable with the FeNPs while IONPs require a dose in excess of 20-fold or greater to achieve the same temperature change.
To assess the relaxation properties and MRI contrast-enhancing effect of FeNPs, phantoms containing FeNPs at different concentrations were made as described in the Experimental Section. The longitudinal and transverse relaxivities, r 1 and r 2 , respectively, were calculated from the measurement of T 1 and T 2 relaxation times of FeNPs at different concentrations at a magnetic field strength of 1.5 T on a clinical MRI scanner. The T 2 relaxation time was measured using a multiecho fast spin-echo sequence with 32 TE values ranging from 6 to 180 ms. The T 2 relaxation time of the FeNP sample was calculated by fitting the decay curve ( Figure 4A ) on a pixel-by-pixel basis using the nonlinear monoexponential algorithm of M (TE) = M 0 · exp (−TE/T 2 ). For the measurement of effective transverse relaxation time, T 2 *, a dual-echo gradient-echo imaging sequence with susceptibility weighting was used to record images for a total of six echo times. T 2 * values were obtained from the fit of the plot of MRI signal intensity versus echo times according to the equation:
is the signal intensity observed at a given echo time, TE, and C is a constant that reflects the background noise. Table 1 summarizes the measurements of relaxivities r 1 , r 2 , and r 2 *, which are defined as relaxation rates R 1 , R 2 , and R 2 *, respectively, which are the reciprocal relaxation times (e.g., R 1 = 1/T 1 ) at the concentration unit and can be obtained from the slopes of the concentration versus relaxation time plots. Our data showed that r 2 and r 2 * relaxivity of FeNPs is significantly higher than that of IONPs at a comparable particle size. Such a stronger T 2 shortening effect, typically from stronger magnetic susceptibility, leads to spin dephasing and substantial MRI signal drop, which generated a "darkening" contrast, as seen in T 2 -weighted MRI images (Figure 4) . Our results showed stronger T 2 shortening effects from FeNPs than IONPs suggesting that FeNPs have the potential to be more powerful contrast-enhancing media than currently used IONPs.
We believe that the FeNPs described in this report represent a new generation of magnetic nanoparticles that may serve as a multifunctional clinical tool. Based on their greater magnetization in comparison to conventional IONPs, these particles can serve as superior MRI contrast agents and can induce local hyperthermia. We have shown that elemental Fe-based nanoparticles may achieve high magnetism without the introduction of other metal elements that may be biologically toxic. Furthermore, the biocompatible cPEG coating of the FeNPs may allow for future covalent and stoichiometric attachment of bioactive ligands such as antibodies or receptor ligands specific to cancer cells providing surface functionalization and ultimate cell targeting. Magnetic targeting of tissues may also be possible due to the superior magnetic properties of these nanoparticles.
Experimental Section FeNP synthesis and characterization
The reaction was carried out by reduction of the metal salt solution with a sodium borohydride solution. [20] FeCl 2 (2 g) was dissolved in ethyl alcohol (25 mL) and NaBH 4 (1 g) was dissolved in deionized water (25 mL). The reaction was carried out by mixing the two reagents through a Y junction in a closed system. The system is pressurized using nitrogen gas to pump the reagents through the Y tube and into the coating solution containing cPEG (10 mL) mixed with ethanol (50 mL). The reaction products were washed three times in ethyl alcohol and sonication was performed for 5 min. The magnetic nanoparticles are separated using a permanent magnet and the liquid mixture is then poured off to get rid of dissolved byproducts such as NaCl and borides. The washed product was then stored in a vial of ethyl alcohol for measurements. A TEM (JEOL 3010) was used for particle size determination and microstructure.
Magnetic properties of FeNPs and IONPs
Magnetic properties were measured using a vibrating-sample magnetometer (Lake-Shore VSM) at room temperature with a maximum field of 1.0T.
Hyperthermia measurements
Heating characteristics were studied on the sample of IONPs or FeNPs dispersed in ethyl alcohol (2 mL) in a test tube seated in a ten-turn water-cooled copper coil by applying a 4 Oe and 500 kHz AC magnetic field. When suspended in ethyl alcohol and sonicated the particles formed a stable dispersion for a time period of 20 min, which was sufficient to perform the in vitro hyperthermia studies. Temperature measurements were made with an infrared temperature sensor connected to a digital thermometer located at the opening of the testtube and acquired data were normalized per unit mass for comparison.
MRI relaxometry
FeNPs or IONPs at given concentrations were suspended in an agarose gel (1%) and placed in tubes (10 mL).
Phantoms of different iron concentrations were made from stock solutions of IONPs and FeNPs. The atomic [Fe] concentrations of the stock solutions were determined using UV/Vis spectrophotometry. Typically, the nanoparticle samples were dissolved using highconcentration hydrochloride (HCl). The resulting solution was further reduced to Fe(II) before adding 1,10-phenanthroline monohydrate to form the colored complex. The [Fe] concentration was then determined by measuring the absorbance at 590 nm and calibration against the standard solutions. For T 1 measurement, an inversion recovery sequence was used with nine non-equidistant different time delays (T I = 0.1-1 s) between inversion and the first 90 °e xcitation pulse. A nonlinear curve fitting of the magnitude MRI signal intensity measured at different T I time points from regions of interest (ROIs) selected in each sample to the equation of M(T I ) = M 0 × [1 − C × exp(−T I /T 1 )] (where T I is inversion time and M is the magnitude of MRI signal), was used to calculate the T 1 relaxation time of each sample. For T 2 measurements, a multiecho fast spin-echo sequence was used to collect a series of data points simultaneously at different echo times (TEs of 6-180 ms with 6 ms increments). The T 2 relaxation time was measured using a multiecho fast spin-echo sequence with 32 TE values ranging from 6 to 180 ms. The T 2 relaxation time was calculated by fitting the decay curve using the nonlinear monoexponential algorithm of M (TE) = M 0 exp(−TE/T 2 ). Hysteresis loops for FeNP and IONP taken at room temperature. Hyperthermia data for FeNPs and IONPs using 500 MHz and 4 Oe AC magnetic field. Decreasing signal density at different echo times showed typical paramagnetic-induced T 2 decay in different samples (A). A set of T 2 -weighted fast spin-echo images showed the strong T 2 contrast from FeNPs and IONPs (darkening effect) in contrast to the H 2 O phantom (B, upper panel) while a T 2 relaxometry map derived from the multi-TE T 2 measurement showed a substantially lower T 2 value of the FeNPs (B, lower panel). T 2 images were recorded using a multi-TE fast spin-echo imaging sequence with a TR of 3 s and 32 TE points (starting at 6 ms with increments of 6 ms). The sample concentrations of IONPs and FeNPs shown in the Figure are 0.11 and 0.12 mM, respectively.
